Since a giant magnetic anisotropy of 9 meV per atom has been realized on a Pt surface, we use the kinetic Monte Carlo method to study the spin dynamics of a nanomagnet that is made by putting a line of such adatoms on a thin metallic strip so that the fixed spins are coupled very weakly and a spin-polarized current can be injected into the strip. There is a magnetization hysteresis versus the current because of the giant anisotropy. The hysteresis loop is diminished exponentially with the temperature increasing. The magnetization can be controlled by injecting a spin-polarized current. DOI: 10.1103/PhysRevLett.96.217201 PACS numbers: 75.75.+a, 72.25.Hg, 75.40.Mg, 75.60.Jk Traditionally, magnetization of magnetic grains and materials can be reversed by applying a magnetic field. The magnetization reversal process, with the magnetic field in various directions, can be observed experimentally and analyzed theoretically [1] [2] [3] [4] [5] [6] [7] [8] . Recently, it has been established that spin-polarized electronic currents can induce magnetization reversal in a number of magnetic materials such as nanoscale multilayers [9, 10] , nanowires [11, 12] , and nanocontacts [13] . The reversal behavior of magnetization is closely dependent on the magnitude and direction of spin-polarized current, as well as other factors such as temperature.
Since a giant magnetic anisotropy of 9 meV per atom has been realized on a Pt surface, we use the kinetic Monte Carlo method to study the spin dynamics of a nanomagnet that is made by putting a line of such adatoms on a thin metallic strip so that the fixed spins are coupled very weakly and a spin-polarized current can be injected into the strip. There is a magnetization hysteresis versus the current because of the giant anisotropy. The hysteresis loop is diminished exponentially with the temperature increasing. The magnetization can be controlled by injecting a spin-polarized current. Traditionally, magnetization of magnetic grains and materials can be reversed by applying a magnetic field. The magnetization reversal process, with the magnetic field in various directions, can be observed experimentally and analyzed theoretically [1] [2] [3] [4] [5] [6] [7] [8] . Recently, it has been established that spin-polarized electronic currents can induce magnetization reversal in a number of magnetic materials such as nanoscale multilayers [9, 10] , nanowires [11, 12] , and nanocontacts [13] . The reversal behavior of magnetization is closely dependent on the magnitude and direction of spin-polarized current, as well as other factors such as temperature.
The great advances in surface sciences have made it possible to realize giant magnetic anisotropy of up to 9 meV per atom in magnetic Co adatoms on a Pt(111) surface [14] . First-principles calculations reveals that much larger magnetic anisotropy can be obtained for transition-metal Co and Os adatoms on a Ag(001) surface by taking orbital polarization into account [15] . A magnetic anisotropy of up to 30 meV per atom should likely be realized in transition-metal adatoms on appropriate metal surfaces as substrates in the near future. This magnetic anisotropy is giant in comparison with usual eV magnitude in bulk magnetic materials, and is essential to future real applications. Nanomagnets consisting of such magnetic adatoms or particles can be formed by atomically manipulating adatoms [14] or ordered doping [16] , or selforganized growth. Interspin exchange coupling between these adatoms or particles can be tuned, being made very weak, and the magnetic anisotropy can be very large. If the substrate is a single thin, narrow strip, one can obtain a chain nanomagnet by arranging the adatoms or particles in a line, as shown by circles in Fig. 1 . The orientation of spins of the nanomagnet can be controlled by injecting a spin-polarized current into the metallic strip as shown by shadow part in Fig. 1 .
In this Letter we study the effect of the spin-polarized electronic currents on magnetization in such nanomagnets and explore basic laws behind the reversal behaviors. Such nanomagnets are quite small and consist of single domains, and therefore we consider the weak interspin exchange and giant uniaxial anisotropy only. Because of the giant anisotropy, we simulate the current-induced spin reversal of the nanomagnets by using the kinetic Monte Carlo (KMC) method based on transition-state theory. Our KMC simulation reveals basic laws of the current-controlled spin reversal. The normalized magnetization forms a hysteresis loop versus the spin-polarized current, and relaxes exponentially under the continuing current. The loop is diminished exponentially with the temperature increasing. The relaxation time versus temperature can be fitted with a simple exponential function. The transition-state barriers of single spin flips are essential to these dynamical phenomena. These properties should be useful to further study and applications.
Without losing generality, we use a Heisenberg ferromagnetic chain with very weak interspin exchange interaction J ij and giant on-site magnetic anisotropy k B u to describe the fixed spins. Because we are interested in the scales of tens and sub-ten nanometers, dipolar interaction is not considered. We use S B i to denote the fixed spin operator at site i. The fixed spins interact with the moving spins (S for the injected spins. When in equilibrium, every spin is parallel or antiparallel to the z direction because of the large uniaxial anisotropy. The spin-polarized electrons are continuously injected into the nanomagnet and we have a closed system with no external force [17] .
Thermal fluctuations make the spin orientations deviate from the z axis and can enhance the reversal of spins. Because of the giant uniaxial anisotropy, the spin wave excitations are not considered. We simulate the spin dynamics by using the KMC method, which is famous for simulating atomic kinetic growth of thin films or nanostructures on surface [18] . During a Monte Carlo step, we do M trial steps, where M is equivalent to the total number of the spins in the system. Before a trial step, the spin is in an equilibrium state, and its energy is one of local minimums. One spin is taken randomly for a trial step. The spin has to overcome an energy barrier E to achieve a successful reversal. For the spin reversal process, the rate is considered to follow an Arrhenius law [19] , and can be expressed as R R 0 expÿE=k B T where k B is the Boltzmann constant and T is temperature. The prefactor R 0 is a characteristic vibrational frequency and can be set to a constant of magnitude 10 12 s ÿ1 for our systems. We introduce a spin angle i to describe quantitatively transition states of the spin at site i. i takes values between 0 and . The two values, 0 and , correspond to the equilibrium directions of z and ÿz, and the others in between describe the transition states. The Hamiltonians concerning the fixed spin and the injected spin at site i can be expressed as
where 
where we have u > 0. As a result, x 1 denotes starting state with f 0 ÿv. We have x ÿ1 as the ending state with f v if the reversal happens, or else we return to x 1. The fx reaches the maximum f max u v 2 =4u at x ÿv=2u. Therefore, the barrier is given by E f max ÿ f 0 . The condition jvj < 2u must be satisfied to obtain a true barrier for every process. When the condition is not satisfied, some of the processes have no barriers and the corresponding reversal rates can be calculated by using the Glauber method [20] . The KMC method works well as long as the condition jvj < 2u is satisfied for most of the spin reversal processes.
In the following we shall take an array of N fixed spins with free boundary conditions [21] . The exchange J ij of the fixed spins is nonzero only for the nearest-neighboring site pairs, being written as J. The The current sweeping rate is assumed to be 0:1 A=s. The spin polarization is defined as p n " ÿ n # =n " n # , where n " and n # stand for the number of up-spins and down-spins, respectively.
In Fig. 2 , we show the dependence of the normalized magnetization m of 20 fixed spins on currents with spin polarization p 1 and p 0:75. The initial magnetization is assumed to point in the ÿz direction and to be equivalent to ÿ1 as average value. It is clear that magnetization reversal is hysteretic for the spin currents. Because of the symmetry of our model the hysteresis loop has a twofold rotational symmetry. In the case of p 0:75, there is large fluctuation in magnetization. The hysteresis loops resemble the experimental current-resistance loops in shape [10] . We can define a coercive current I c in terms of the zero of magnetization, as one does for field-driven magnetization reversal. I c is 0:0143 A for p 1, and 0:0150 A for p 0:75. This means that larger current is needed for smaller polarization in order to realize the reversal of the same fixed spins. We present the coercive currents as functions of temperature in Fig. 3 . The coercive currents can be well described by one function: I c I 0 expÿT=T 0 5=3 , which means that the hysteresis loops are diminished exponentially with the temperature increasing. Here the anisotropy K A u takes values 12 and 6 meV. The latter means that the anisotropy of fixed spins is 8.4 meV, a little smaller than the experimental value of Co adatoms on a Pt(111) surface [14] . Shown in Fig. 4 is the evolution of normalized magnetization for different currents 0.00 759, 0.01 265, and 0:024 A with p 1 at four different temperatures: (a) T 40, (b) T 70, (c) T 80, and (d) T 110 K. In addition, we have studied the evolution of the magnetization at temperatures ranging from 30 to 180 K, and found that the time dependence of the magnetization can be described by the same time function:
where m is the normalized magnetization and t is the time.
The parameters a, t 0 , and b depend on the temperature and spin-polarized currents. The evolution of the magnetization is also simulated starting from a random spin configuration, in which the magnetization is initially averaged to zero. In this case, the magnetization can be fitted by two terms each of which has the same form as the second term of Eq. (3). At the long time limit, Eq. (3) asymptotically reduces to m ÿ1 a, the saturated magnetization m s . Figure 5 shows the temperature dependence of m s and the two parameters t 0 and b used in Eq. (3) for different currents 0.00 759, 0.01 265, and 0:024 A with p 1. m s in Fig. 5(a) and t 0 in Fig. 5(b) 
where, the parameter T 1 increases with the current I increasing, c decreases quickly with I increasing, and g and T 2 are almost independent of I. In Fig. 6 , we show the dependence of the saturated magnetization on spinpolarized currents with p 1 at four temperatures T 40, 70, 80, and 110 K.
In contrast with other Monte Carlo methods for equilibrium phases, the KMC method is most suitable to simulating the spin dynamics of the nanomagnets with giant magnetic anisotropy. The giant anisotropy, on one hand, makes the equilibrium spin orient along the uniaxial axis so that we need to consider local spin exchange interaction only and, on the other hand, leads to transition-state barriers which are essential to the KMC method. The hysteresis of the spin reversal is caused by the transition-state barriers of reversing single spins. Our KMC simulation is based on thermally activated spin processes against the transition-state barriers and is safely far from the quantum regime [22] . In summary, we have studied the current-controlled spin reversal of ferromagnetic nanochains with giant uniaxial magnetic anisotropy and tiny interspin exchange constants by the KMC method. Our KMC simulation reveals that the orientation of the fixed spins can be controlled by the injected spin-polarized current. The relaxation time of the fixed spins decreases exponentially with temperature. The magnetization hysteresis loop is calculated. It is diminished exponentially with the temperature increasing. All the spin reversal behavior is found to be closely related to the magnitude and polarization of spin-polarized current. The method and results should be useful to further study and future real applications. 
